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SUMMARY 
 
In underground constructions, ground water control is an important aspect to consider, 
it consists of much more than just pumping water and sealing leaks. Ground water 
seepage can be harmful for a tunnel structure or the equipment inside it. Therefore, 
preparation on potential problems is essential. This study deals with a pre-grouting 
design in order to avoid dripping of water from the ceiling. 
 
The Nygård tunnel is a railway tunnel located in the south part of Sweden. 
Approximately 3 km long, this tunnel will connect two communities Nygård and 
Hältorp, it consists of one main tunnel and one service tunnel. The tunnel is located 
between 40 to 50 m below ground surface. 
 
The project started with a rock mass characterisation from where the number of 
fractures per 3 meter section and the transmissivity for the same sections were 
obtained. With the use of these data, the hydraulic apertures of the fractures were 
estimated and a Pareto-distribution curve was fitted, and the hydraulic apertures of the 
fractures were established. At the end, the inflows to the tunnel were estimated. Based 
on the leakage demands a hydraulic aperture of 0,1 mm was needed to be seal. 
 
The grouting design of this tunnel was based on two different materials, which have 
different properties and aims. The base and the walls of the tunnel were grouted with 
cement to reduce the leakage and meet the leakage demands, and the ceiling with 
silica sol to minimize the dripping. This design has the advantage to use cheap 
materials and if the target is achieved totally, lining and the use of impermeable 
membranes could be avoided. 
 
The design was used in 86 m of the tunnel and 5 fans where successfully pre-grouted. 
Previous data from 4 drilled core-boreholes suggested that the transmissivity was 
approximately 1.2·10-6 m2/s. Based on log-normal distribution curves, the results after 
pre-grouting showed a decrease of the leakage where the sum of all median 
transmissivity values from all 5 fans was reduced to 4.2·10-7 m2/s. Taken into 
consideration just the ceiling of the tunnel, it is concluded that dripping was 
minimized in great extent and in the most difficult part of the project the inflow was 
reduced to 0.06 l/min. 
 
Some other findings made were: water pressure tests conducted in all grout-holes 
were representative within a radius of 4 m. The volume taken by a grout-hole is very 
much dependent of the flow system. A generalization of the flow system can not be 
done, but it can be determined from water pressure tests. The disadvantage found was 
that the analysis of one parameter, e.g. inflow, is not enough to evaluate the results 
obtained and several need to be coupled making data availability an important factor. 
 
 
TABLE OF CONTENTS 
iii 
TABLE OF CONTENTS 
 
PREFACE.................................................................................................................. i 
SUMMARY.............................................................................................................. ii 
TABLE OF CONTENTS ......................................................................................... iii 
TABLE OF APPENDICES ...................................................................................... iv 
NOMENCLATURE...................................................................................................v 
1. INTRODUCTION................................................................................................. 1 
1.1. Aims............................................................................................................... 1 
1.2 The Nygård Tunnel.......................................................................................... 2 
2. MATERIALS........................................................................................................ 5 
2.1. Cement based suspensions .............................................................................. 5 
2.2. Silica sol ......................................................................................................... 5 
3. METHOD ............................................................................................................. 7 
3.1. Grouting design .............................................................................................. 7 
3.1.2. Pre-investigations .................................................................................... 7 
3.1.3. Fracture transmissivity distribution and fracture aperture distribution .... 8 
3.1.4. Grouting Agent ........................................................................................ 8 
3.1.5. Penetration distribution ........................................................................... 9 
3.1.6. Leakage calculation compared with the demands....................................10 
3.2. Grouting Pressure ..........................................................................................10 
3.3. Grouting layout..............................................................................................10 
3.4. Stop criteria ...................................................................................................10 
3.5. Connectivity radius........................................................................................11 
3.6. Dimensionality ..............................................................................................11 
4. RESULTS ............................................................................................................13 
4.1. Grouting agent ...............................................................................................13 
4.1.1. Rheology of the cementitious grout..........................................................13 
4.1.2. Rheology of the non-cementitious grout (silica sol) .................................14 
4.2. Grouting Design ............................................................................................14 
4.3. Inflow............................................................................................................15 
4.4. Transmissivity ...............................................................................................17 
4.5. Volume grouted .............................................................................................18 
4.6. Connectivity radius........................................................................................19 
4.7. Dimensionality ..............................................................................................20 
4.8. Dripping ........................................................................................................22 
5. DISCUSSION ......................................................................................................23 
5.1. Grouting design .............................................................................................23 
5.2. Inflow and dimensionality..............................................................................23 
5.3. Transmissivity and dripping after pre-grouting...............................................24 
5.4. Volume..........................................................................................................25 
5.5. Connectivity radius........................................................................................25 
5.6. Compilation...................................................................................................26 
6. CONCLUSIONS..................................................................................................29 
7. REFERENCES.....................................................................................................31 
8. APPENDIX..........................................................................................................33 
TABLE OF CONTENTS 
iv 
TABLE OF APPENDICES 
 
APPENDIX A: Grouting design for the Nygård tunnel 
 
APPENDIX B: Scatter chart, from every grouted fan, which compares the WPTs 
results obtained from grout-holes before grouting and control-holes after grouting. 
 
APPENDIX C: Column charts, from every grouted fan, which compares the grout-
hole volume and the injected grout volume; it also shows the difference in volume. 
 
APPENDIX D: Grouted-holes charts showing the pressure and flow trend over time, 
accumulated volume trend over injected time and, dimension curves. 
 
APPENDIX E: Fracture mapping of sections 436+723 – 436+637. 
 
APPENDIX F: Drains location in sections 436+723 to 436+637. 
 
 
 
NOMENCLATURE 
v 
NOMENCLATURE 
 
A [m2]   area 
b [m]   hydraulic aperture 
d [m]   diameter 
g [m/s2]   earth acceleration, 9.81 m/s2 
H [m]   tunnel depth 
h [m]   hydraulic head 
I [m]   penetration length 
i [-]   gradient 
K [m/s]   hydraulic conductivity 
k [-]   distribution coefficient (Pareto analysis) 
L [m]   length 
N [-]   number of fractures 
n [-]   porosity 
p [N/m2]   pressure 
p [N/m2]   applied pressure 
q [m3/s·100 m]  flow per 100 m 
Q [m3/s]   flow 
Q/dh [m2/s]   specific capacity 
rt [m]   tunnel radius 
T [m2/s]   transmissivity 
t [s]   time 
V [m3]   volume 
v [m/s]   velocity 
W [m]   width 
 
Greek letters 
 
w [kg/s2m2]  heaviness of water 
 [-]   skin factor 
 [N·s/m2]  shear rate dependent viscosity 
 [N·s/m2, Pas]  viscosity 
 [kg/m3]  density 
 [N/m2]   shear stress 
o [N/m2]   yield strength 
 [-]   pi, 3.1415 
	1 [N/m2]   axial stress 
	3 [N/m2]   radial stress 

 [radians/s]  angular velocity 
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1. INTRODUCTION 
 
Ground water control in underground excavations consists of much more than just 
pumping water and sealing leaks. All detrimental effects that seepage of water can 
have on a tunnel structure and the equipment in it can be very expensive. Whether the 
objective is waterproofing, reducing the inflow, or dealing with high water pressures a 
planned strategy is required (Jones, 2006). 
 
Tunnels that need a high restriction of water ingress are usually complemented with 
lining and the use of impermeable membranes in order to stop the leakage. These 
membranes are placed behind the shotcrete after a corresponding localization of water 
leakages into the tunnel. The use of this procedure is common nowadays but it is 
expensive on costs and on time (Funehag, 2007). Further, water dripping from the 
ceiling should always be minimized, so the pre-grouting design could be focused on 
this purpose. 
 
Pre-grouting in rock consists on filling faults, joints and bedding planes that usually 
are completely unknown in size, volume, and configuration. The reason and the extent 
are influenced by the origin, age and stress history of the rock where the tunnel is built 
(Warner, 2004). Hence, the importance of preparations and testing that will be used 
not only in the design but also in the evaluation of the project.  
 
Cement based suspensions have been used widely in grouting purposes during this 
last decade in major tunnel projects around the world (Stuart, 2003), silica sol has 
been used recently in some tunnels as a rock grouting material. The Törnskog tunnel 
in Sweden is one of them where silica sol was used with the objective to permeate and 
seal small fractures in jointed hard rock. The advantage to use these materials, as a 
pre-grouting strategy, is that the objective of minimizing the seepage can be achieved 
and the costs reduced. 
 
86 m of the Nygård tunnel, section 436+723 – 436+637, followed the design, work 
procedure, and evaluation. This tunnel section was divided in 5 sections “Fans” of 24 
m each with 9 m of overlap between fans. In each section 40 grout-holes were drilled, 
tested, and then grouted, see Figure 9. A secondary 10 grout-holes were drilled and 
tested; these were used as control holes. All the grout-hole results were used for the 
evaluation. In general, the design takes into account: which stop criteria should be 
used, penetration length, gelling time based on the material and rock mass 
characteristics. An introductory study on dripping and post-excavation grouting was 
conducted as a separate project by Granberg and Knutsson (2007). 
 
1.1. Aims 
The aim of this study is to implement a pre-grouting design that will reduce the water 
inflow into the tunnel from walls and base, and minimize the dripping from the ceiling 
to avoid problems when seepage is persistent in underground excavations. 
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The specific aims are: 
 
• Gather data from pre-investigation tests and data after grouting from control-
holes, 
• Characterise the rock mass by means of hydrogeological methods, 
• Characterise the grouting agents to be used, 
• Suggest a pre-grouting procedure and layout, 
• Evaluate and discuss the results obtained by means of: inflow, transmissivity, 
volume, correlation length, and dimensionality. 
 
1.2 The Nygård Tunnel 
 
The Nygård tunnel, which is a railway tunnel, is located in the western part of 
Sweden. Approximately 3 km long, this tunnel will connect Nygård and Hältorp and 
is part of the Norway-Vänern line under construction. It consists of one main tunnel 
and one service tunnel. The main tunnel will be 3030 m long and the service tunnel 
2380 m long. The main tunnel will be 10.2 m high and 13.5 m wide, on the other hand 
the service tunnel will be 6 m high and 5 m wide. The tunnel is located between 40 
and 50 m below the ground surface. The rock type in the excavation area is mainly 
gneiss, see Figure 1a. Some small fractions of amphibolite were also found, see 
Figure 1b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   (a)      (b) 
Figure 1. Two main rock types found in the Nygård the tunnel, rock specimens were 
taken from inside the tunnel. (a) gneiss; (b) amphibolite. 
 
 
Before the incorporation of the new design, the grouting of the tunnel has been carried 
out following the layout shown in Figure 2. The tunnel has been completely grouted 
with a cement-based suspension, sealing in general the major rock fractures. The 
grout-hole separation was 1,5 m in the ceiling and 2 m in the walls and bottom of the 
tunnel. The leakage was reduced but dripping remains, which was the reason for this 
study. 
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Figure 2. Initial layout of the grouting conducted in the main tunnel; take into 
account that it will differ when rock conditions are changed: a) Frontal-cut view of 
the tunnel; b) Side-cut view of the tunnel. 
 
 
The new design employs the same grouting-layout in all five fans, but the grouting 
material is changed. The grout-holes are numbered starting at the bottom-left side of 
the tunnel and continue clockwise. The same figure, Figure 3, shows the separation 
line assumed to represent the dripping limit. Whereas the upper part produces 
dripping into the tunnel, the lower part does not. This assumption sets the boundary 
where to use different grouting materials, see Figure 3. 
 
 
 
Figure 3. Layout of the grout-holes position for all five fans. The dotted line 
represents the separation between dripping and no dripping. 
 
(a) (b) 
Grout-holes 
Dripping 
No dripping 
Grout-holes 
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2. MATERIALS 
2.1. Cement based suspensions 
A grout material may be made of Portland cement. In this study one of the grouts used 
was Injektering 30; it is a micro-cement, sulphate resistant, chromate reduced and has 
low alkalinity. It was manufactured at Cementa s´ Degerhamn plant. The most 
important properties are fineness of grinding and grain size distribution. The upper 
range of the grain size distribution is responsible for the penetrability of joints and 
pores, and to pass the channels between them (Kutzner, 1996) and (Eklund, 2003). On 
the other hand, the fineness of the grinding affects the strength of the grouting after 
hardening. 
 
Injektering 30 has a particle size distribution where 95% of the material is smaller 
than 30 µm in particle size. A compact density of 3100 to 3200 kg/m3 approximately 
and a bulk density going from 800 to 1500 kg/m3 (Cementa, 2007). 
 
Injektering 30 (Inj 30) was mixed with regular water and a superplasticizer 
“SetControl II”. SetControl II is an additive, which was used to regulate the setting 
time and disperse the suspension. It has a fluid form, a density equal to 1476 kg/m3 
and the pH value is approximately six. 
 
Cementitious grouts are characterised as non-Newtonian viscoplastic fluids. The 
viscosity is not constant, and the fluid will not flow until its yield stress is reached 
(Axelsson, 2006). In order to express the relationship between the shear rate and the 
shear stress a Bingham model was used. 
 
2.2. Silica sol 
Colloidal silica (silica sol) consists of nanometre-sized particles of amorphous SiO2 
cores with hydroxylated surface. The size can vary from 1 to 500 nm (Björnström, 
2005). It is odourless, tasteless, and non-toxic. 
 
The silica sol used in this study has the name “Meyco MP320T” and was 
manufactured by Eka Chemical AB. It was mixed with a saline solution (NaCl) in 
order to start a particle aggregation, which at the end hardened as a gel. The mixed 
silica sol has a fluid form, a density equal to 1200 kg/m3 and the pH value is 
approximately 10. 
 
Funehag (2007) characterised silica sol as a Newtonian fluid before gelling. In this 
model, the viscosity is constant, independent of the shear rate and the fluid will start 
to flow immediately after a stress is applied. 
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3. METHOD 
3.1. Grouting design 
In order to have a more structured design and analysis, the outline presented by 
Gustafson et al. (2004) was followed. In Figure 4 the steps of the design approach 
used in this project are illustrated. An example can be found in Funehag and 
Gustafson (2007) where nine fans were grouted following this approach. 
 
 
 
Figure 4. Grouting design process approach (after Gustafson et al., 2004) 
 
 
3.1.2. Pre-investigations 
This study initially involved a data collection. The data gathered included 
documentation from the project, and results from pressure build-up tests (PBTs). 
PBTs were conducted in core-drilled boreholes, which by the use of packers were 
divided into several sections each one 3 m long. During test, water was pressed into 
the joints and the volume, pressure, and time were registered. Water pressure tests 
(WPTs) consisted on pressing water in a grout-hole during 2 min at 1.1 MPa of 
constant over-pressure; they were carried out in each grout-hole before grouting in 
order to identify connected-holes and tight holes. PBT and WPT procedures are well 
described by Houlsby (1990) and Kutzner (1996) among others. 
 
Four cored-boreholes (KBH 1 to 4) were made along the tunnel line and a complete 
core mapping was performed in each core. The specific capacity (Q/dh) was evaluated 
from the data, which can be approximated to the transmissivity during short time 
duration tests (Fransson, 2001). 
 
Pre-investigations: 
• Core drilling 
• PBTs, WPTs 
• Fracture mapping 
Fracture transmissivity 
distribution 
 
Tmax, k, N 
Grouting Agent: 
• Type 
• Rheology 
• p, o, µ 
Fracture aperture 
distribution 
 
bmax, 3k, N 
Penetration distribution 
 
Imax, In, Grout-hole distance 
Leakage calculation 
compared with the 
demands 
H, rt, t, Q 
 
Analysis 
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3.1.3. Fracture transmissivity distribution and fracture aperture distribution 
Palmqvist (1983) stated that discontinuities in rocks are decisive for grouting results, 
for this reason these are studied in order to characterize the rock mass for a grouting 
design purpose. Gustafson and Fransson (2006) found in their study that the 
transmissivities obtained in the pre-investigation stage fitted a Pareto distribution. 
 
Equation 1 gives the Pareto distribution based on the maximum fracture transmissivity 
value (Tmax) to determine the probability that a transmissivity is below a certain 
transmissivity (Tn). N represents the total number of fractures. 
 
( ) [ ] ( )
1
1 max
+
−=<=
N
TT
TTPTP
k
n
nn      (1) 
 
Rearranging and taking the log of Equation 1, it gives: 
 
( )[ ] [ ] )log()1(log1log max nkn TkNTTP −+=−     (2) 
 
The Pareto distribution is then recognised as a straight line in a log-log plot. This line 
has a slope -k (coefficient of the distribution) which was used to evaluate the 
hydraulic aperture distribution. The cubic law gave the hydraulic aperture of the 
fracture; see Equation 3. 
 
3/1
3
12
TC
g
Tb
w
w
⋅=
⋅
⋅
⋅=
ρ
µ
      (3) 
 
By ranking the hydraulic aperture, Equation 4 is obtained: 
 
k
r rbb
⋅
=
3/1
max /        (4) 
 
The last equation uses bmax, which was the largest hydraulic aperture that corresponds 
to the highest transmissivity previously observed. Using PBT results from KBH 1 – 4 
a plot with the hydraulic distribution was then obtained, see appendix A. 
 
3.1.4. Grouting Agent 
There are two main groups when considering grouting materials, cementitious and no 
cementitious. The selection of a material much depends on the aims of the project; in 
this study, the grouting agents were chosen in order to: reduce the water inflow into 
the tunnel from the walls and floor, and minimize the dripping from the ceiling 
 
Once the type of grout matched the purposes or degree of sealing needed, its rheology 
was investigated. Rheology is defined as the science of deformation and flow (Barnes 
et al., 1998), and it is the rheology of the material which governs its flow property and 
consequently its penetration. Parameters like yield stress (o) and viscosity (µ) were 
obtained from the two types of grouting materials selected in the Nygård tunnel, 
cement and silica sol. The rheology is one among several characteristics more that are 
important and they can be explored in Axelsson (2006). 
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Cup tests were used to determine the gelling time of silica sol. Tests were conducted 
with normal plastic cups with a volume of around 200 ml. A mixed solution of around 
100 ml, silica sol and saline solution, was poured into the cup. The time was recorded 
as soon as both solutions were mixed until the silica sol had gelled. The gelling time 
was then obtained when the silica sol front did not move or bend any longer after 
turning the cup 90º, see Figure 5. 
 
 
 
Figure 5. Cup test representation. (a) Silica sol soon to be gelled; (b) Gelled silica 
sol. 
 
3.1.5. Penetration distribution 
The penetration of a Bingham fluid into a fracture is related to the applied pressure 
p, difference of the injection pressure and the groundwater pressure, and the yield 
strength of the grout (Gustafson and Stille, 2005). Equation 5 gives the expression of 
the maximum penetration length of cement grout in a fracture with a hydraulic 
aperture b: 
 
bpI
o
⋅
∆
= )
2
(max τ       (5) 
 
The grout penetration of a Newtonian grout is linked to the gel induction time (tG), the 
grouting applied pressure (p), and its initial viscosity (o). Equation 6 gives the 
expression of the maximum penetration length of silica sol in a fracture with a 
hydraulic aperture b in 1D: 
 
o
G
G
tpbI
µ⋅
⋅∆
⋅=
6
      (6) 
 
Equation 7 can then give the maximum penetration length when using a Newtonian 
fluid in 2D: 
 
GII ⋅= 45.0max       (7) 
 
µ>0 

>0 
R 
Silica sol with 
,  
Cup turned 90° 
µ=0 

=0 
Silica sol with 
,  
(a) (b) 
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3.1.6. Leakage calculation compared with the demands 
An analysis of the data was done and the non-groutable fracture distribution was 
determined. This data could then be used in Equation 8 to calculate the water inflow 
to the tunnel before and after grouting (Alberts and Gustafson, 1983). The 
calculations are associated with the following assumption: The groundwater level is 
close to the surface, and no substantial lowering of the water table is caused. 
ξ
pi
++⋅−+⋅
⋅⋅⋅
≈ )/1ln()1/()/2ln(
)/(2
tinjtott
tot
grouted
rtTTrH
LHT
q  (8) 
 
3.2. Grouting Pressure 
For a long penetration of grouting into the rock mass through the fractures, it was 
advantageous to use high pressures, but is difficult to control the spread of it. On the 
contrary, low pressures give shorter penetrations but more controlled ones. A 
reasonable estimation is given by Gustafson and Stille (1996): Use a pressure that is 
twice as high as the groundwater pressure (approximately 0.5 MPa), but below the 
minimum rock stress (approximately 3.5 MPa) which is assumed to be equal to the 
vertical stress due to the overburden. In this study, when using high pressures, it was 
important to take into consideration the thickness of the rock cover and the strength of 
the rock in order to avoid problems like jacking. 
 
3.3. Grouting layout 
The grouting layout and type of grout depend on the purpose of the project. Due to an 
initial layout or geometry was already in use, the following parameters were taken as 
input data: 
 
• Number of grout-holes: 40 grout-holes 
• Grout-hole length: 24 m 
• Grout-hole inclination: 10º upper part (ceiling) and 12º lower part (walls and floor) 
• Distance between grout-holes: 1.5 m upper part (ceiling) and 2 m lower part (walls 
and floor) 
• Distance between grouting sections “fans”: 20 m 
• Overlap between fans: 5 m 
 
Using all the above, parameters like pumping pressure, pumping time, overlap 
between grout-holes, and mixing ratios among others were calculated in order to fulfil 
the demands and specification of the project, see Chapter 1. 
 
3.4. Stop criteria 
Commonly the expression “stop pressure” is used as a parameter to end the injection 
of grout in a grout-hole. In principle there is no stop pressure (Gustafson and Stille, 
2005); if the pumping pressure is increased, the grout will be further spread. Instead, 
the stop criteria used in this project was the “grouting time” predetermined in the 
grouting design in order to accomplish the purpose of grouting. Gustafson and Stille 
(2005) give an example on how to use a predetermined grouting time in order to 
calculate a needed penetration length when grouting with cement, and Funehag (2007) 
gives an example when grouting with silica sol. 
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3.5. Connectivity radius 
The rate of change in specific capacity (Q/dh) along a specific orientation was 
obtained with the use of the semi-variogram. Larsson and Zetterlund (2004) used a 
variogram analysis to predict the radius of influence of control-holes. Following the 
same method, a variogram was established for all the grout-holes and control-holes in 
the Nygård project and a spherical model was fitted. Figure 6 shows the coordinates 
of each grout-hole in Fan 1. The software used was Surfer version 8.01. The model 
used logarithmic values of the transmissivities and the hole coordinates as input data. 
 
Tunnel coordinates view
0
1
2
3
4
5
6
7
8
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
X axis [m]
Y 
ax
is
 
[m
]
 
Figure 6. Grout-hole coordinates used in Fan 1 for a variogram analysis. The dots 
represent grout-holes; they are numbered clockwise. 
3.6. Dimensionality 
The fracture system during grouting was investigated by a dimensionality analysis. 
Gustafson and Stille (2005) developed an equation that can be used to diagnose the 
flow regime when volume, pressure and time (VPT) recordings during grouting are 
taken. Equation 9 gives the relation between injected time, flow, and volume: 
 
V
tQ
td
Vd ⋅
=
log
log
      (9) 
 
As it was shown by Gustafson and Stille (2005), the logarithmic slopes can be 
calculated as a function of a relative time td and plotted in a log-normal plot. The 
following table shows the assumed slope values, flow regime, and its denotation. 
These curves can be used for silica sol and cement grouts. 
 
Table 1. Slope value and flow regime denotation. 
Slope (approximate value) Flow regime Denotes 
0.45 1D Channelled fracture system 
0.8 2D Planar fractures 
1 3D Network of interconnected planar fractures 
and/or channels 
Grout-hole 1 
Grout-hole 2 
Grout-hole 3 
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4. RESULTS 
Five tunnel sections, each 24 metres long, were grouted with the designed grouting 
layout, which is well explained in Appendix A. WPTs were carried out before 
grouting in each grout-hole and after grouting in each control-hole. Due to the 
measurement limit of the equipment, all results obtained from WPTs that were equal 
to 0 l/min, before and after grouting, were assumed to be 0.1 l/min. A theoretical 
groutable bore-hole volume of 74 l was assumed based on a bore-hole diameter of 
0.064 m and length of 23 m. 
 
4.1. Grouting agent 
Cement based suspensions can penetrate and seal fractures that are bigger than 
approximately 0.1 mm; silica sol on the other hand can penetrate and seal those 
fractures smaller than 0.1 mm which can cause the problem of dripping in tunnels. 
Based on the hydraulic aperture distribution, in the Nygård tunnel 99 % of the 
fractures had a hydraulic aperture smaller than 0.1 mm, see Appendix A. Therefore, 
there was a need to come up with a design that had the combined characteristics of 
cement and silica sol. 
 
4.1.1. Rheology of the cementitious grout 
The shear stress development is shown in Figure 7. The w/c-ratios are defined as 0.8, 
1.0 or 1.5 parts of water per 1 part of cement measured by volume. The tests were 
performed at 20 °C and 10 min after mixing. The initial yield strengths obtained are 
identified in the figure below; they were used for grouting design purposes. A 
common shear rate 50 [1/s] was used for the evaluation. 
 
• w/c 0.8:1 an initial yield strength of 2.5 Pa 
• w/c 1:1 an initial yield strength of 1 Pa 
• w/c 1.5: an initial yield strength of 0.5 Pa 
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Figure 7. Normalised shear stress development over shear rate; three mixed cement 
based suspensions at different ratios where measured. Trend lines intersecting the 
shear stress gives the initial yield stress of the suspension. 
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4.1.2. Rheology of the non-cementitious grout (silica sol) 
Viscosity is defined as the fluid’s resistance to flow due to inner friction and is 
generally temperature dependent. The viscosity development for three mixed 
solutions is shown in Figure 8. The ratio is defined as 4, 5 or 6 parts of silica sol per 1 
part of saline solution measured by weight. The tests were conducted at 15º C. The 
initial viscosity and gel induction time values obtained from such tests were used for 
grouting design purposes. 
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Figure 8. Normalised viscosity development over time; three mixed solutions at 
different ratios where measured; the tests started one minute after mixing. 
 
Cup tests, described in Chapter 3.1.4, were used to determine the gelling time. The gel 
induction time (tG) of the solution is another parameter used in the design and can be 
determined by the same test. The gelling times and gel induction times obtained for 
the different mixes were: 
 
• Ratio 4:1 a gelling time of 180 s, and a tG around 60 s 
• Ratio 5:1 a gelling time of 720 s, and a tG around 240 s 
• Ratio 6:1 a gelling time of 2100 s, and a a tG around 700 s 
 
4.2. Grouting Design 
Appendix A presents the complete grouting design process for the Nygård tunnel, 
which followed the design steps described in Chapter 3.1. Below follows, a short 
summary of the grouting layout and parameters suggested to be used during grouting. 
Figure 9 shows the designed grouting layout. The dotted line in Figure 9a represents 
the separation of grout used; the upper part (ceiling) of the tunnel was grouted with 
silica sol, and the lower part (walls and floor) was grouted with cement. 
 
tG 4:1 tG 5:1 tG 6:1 
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Figure 9. Designed grouting layout: (a) frontal-cut view of the layout, the dotted line 
represents the separation of the grout type used; (b) side-cut view of the tunnel. 
 
 
Table 2 shows the protocol suggested to be followed during grouting. Note that the 
gelling time in the protocol is 40 min (silica sol to salt ratio 4:1), which was obtained 
in situ following the same mixing procedure as in the laboratory, 5 min higher than in 
the laboratory. The temperature in situ was around 10 °C, which is 5 °C less than in 
the laboratory. 
 
Table 2. Summary of the grouting protocol for each one of the grouted fans. This 
protocol was used in each grout-hole. For the control-holes the same procedure was 
used, but the location was decided in situ. 
 
4.3. Inflow 
An example of the results obtained from WPTs conducted in grout-holes and control-
holes in Fan 3 are given in Figure 10. The values are given as cumulative distribution 
and a log-normal plot is fitted to the same grout-holes value. This fitted curves show a 
median value of 0.4 l/min before pre-grouting. After pre-grouting a log-normal plot 
was not fitted to the control-holes value due to the majority of the inflow-values were 
lower than the measurement limit and the log-normal fit was influenced in great 
extent by theses values. In appendix B, all five fans are presented with the same 
format. 
Silica sol Cement 
• b: 14µm 
• Gelling time: 40 min 
• 20 boreholes 
• 1,5 m spacing 
• Pumping time: 21 min each borehole at 
designed pressure 
• p: 2.5 MPa 
• pw: 0.5 MPa 
• b: 0,1 mm 
• o>1.5 Pa 
• 20 boreholes 
• 2,0 m spacing 
• Pumping time: 25 min each borehole at 
designed pressure 
• p: 2.5 MPa 
• pw: 0.5 MPa 
(a) (b) 
Silica sol 
Cement 
Grout-holes 
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Figure 10. Comparison of WPTs results obtained from grout-holes before grouting 
and control-holes after grouting with 1.6 MPa in total pressure (0.5 MPa in water 
pressure). 
 
Figure 11 shows WPTs results divided by grout used in Fan 3. Figure 11a shows the 
results of the cement part and Figure 11b shows the results from the silica sol part. 
Before pre-grouting, the median inflow-value of the fitted-plot for the cement part is 
0.6 l/min and for the silica sol part is 0.2 l/min. In appendix B all five fans are 
presented. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)      (b) 
Figure 11. Comparison of WPTs results obtained from grout-holes and control-holes 
with 1.6 MPa in total pressure (0.5 MPa in water pressure). (a) cement part; (b) 
silica sol part. 
 
Fan 3 (cement)
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
0,001 0,01 0,1 1 10 100 1000
WPTs at 1.6 Mpa [l/min]
P[
f<
fi]
Lognormal before grouting Flow  before grouting [l/min]
Flow  af ter grouting [l/min]
Fan 3 (silica sol)
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
0,001 0,01 0,1 1 10 100 1000
WPTs at 1.6 Mpa [l/min]
P[
f<
fi]
Lognormal before grouting Flow  before grouting [l/min]
Flow  after grouting [l/min]
RESULTS 
17 
In Table 3 a summary of the interpreted median and average values from the log-
normal plots are shown. These values are calculated from WPTs conducted before and 
after pre-grouting in all five fans. The inflow-values after pre-grouting are assumed to 
be 0.1 l/min when more than 50 % of the values were lower than the measurement 
limit. If more than 50 % of all values are higher than 0.1 l/min then a maximum 
inflow is assumed, i.e. the inflow before grouting. This criterion is based on a 
pessimistic or risk-averse decision. The type of grout used is also given and the ratios 
are calculated as the median and average value obtained before grouting divided by 
the median and average value obtained after grouting from the fitted log-normal 
distribution plots. 
 
 
Table 3. Summary of results obtained from WPTs conducted on grout-holes and 
control-holes. The median and average values from all five fans are presented. The 
ratio is calculated as the median or average value before grouting divided by the 
median or average value after grouting. 
Average [l/min] Median [l/min] Ratio [-] 
Fan Grout used 
before 
grouting 
after 
grouting 
before 
grouting 
after 
grouting 
Average Median 
1 Both 0.6 0.6 0.4 0.4 1 1 
1 Cement 0.4 0.4 0.3 0.3 1 1 
1 Silica sol 0.9 0.9 0.6 0.6 1 1 
2 Both 2.4 0.1 1 0.1 24 10 
2 Cement 1.9 0.1 1 0.1 19 10 
2 Silica sol 2.6 0.1 1.1 0.1 26 11 
3 Both 0.8 0.1 0.4 0.1 8 4 
3 Cement 1.8 1.8 0.6 0.6 1 1 
3 Silica sol 0.3 0.1 0.2 0.1 3 2 
4 Both 0.5 0.5 0.2 0.2 1 1 
4 Cement 0.4 0.4 0.2 0.2 1 1 
4 Silica sol 0.4 0.4 0.2 0.2 1 1 
5 Both 2.3 0.1 0.6 0.1 23 6 
5 Cement 0.7 0.1 0.3 0.1 7 3 
5 Silica sol 3.8 0.1 1.4 0.1 38 14 
 
 
4.4. Transmissivity 
In Chapter 3.1.2 was explained that the specific capacity (Q/dh) can be approximated 
to the transmissivity during short time duration tests. Assuming that the water table is 
stable above the tunnel, it gives a natural water pressure of 0.5 MPa. The WPTs were 
conducted with a total pressure of 1.6 MPa giving an applied over-pressure of 1.1 
MPa. 
 
Using all these parameters, the local transmissivity can be calculated. If we divide this 
transmissivity by the length of each fan then the hydraulic conductivity can be 
evaluated. Table 4 shows the calculated transmissivity and hydraulic conductivity for 
each fan before and after grouting using the median inflow values shown in Table 3. 
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Table 4. Transmissivity and hydraulic conductivity values for each fan before and 
after grouting using the median inflow values. 
Median [l/min] Transmissivity [m2/s] 
Hydraulic 
conductivity [m/s] 
Fan Grout used 
before 
grouting 
after 
grouting 
before 
grouting 
after 
grouting 
before 
grouting 
after 
grouting 
1 Both 0.4 0.4 6.5·10-08 6.5·10-08 2.7·10-09 3.0·10-09 
1 Cement 0.3 0.3 4.9·10-08 4.9·10-08 2.0·10-09 2.2·10-09 
1 Silica sol 0.6 0.6 9.8·10-08 9.8·10-08 4.1·10-09 4.5·10-09 
2 Both 1 0.1 1.6·10-07 1.6·10-08 6.8·10-09 7.4·10-10 
2 Cement 1 0.1 1.6·10-07 1.6·10-08 6.8·10-09 7.4·10-10 
2 Silica sol 1.1 0.1 1.8·10-07 1.6·10-08 7.5·10-09 7.4·10-10 
3 Both 0.4 0.1 6.5·10-08 1.6·10-08 2.7·10-09 7.4·10-10 
3 Cement 0.6 0.6 9.8·10-08 9.8·10-08 4.1·10-09 4.5·10-09 
3 Silica sol 0.2 0.1 3.3·10-08 1.6·10-08 1.4·10-09 7.4·10-10 
4 Both 0.2 0.2 3.3·10-08 3.3·10-08 1.4·10-09 1.5·10-09 
4 Cement 0.2 0.2 3.3·10-08 3.3·10-08 1.4·10-09 1.5·10-09 
4 Silica sol 0.2 0.2 3.3·10-08 3.3·10-08 1.4·10-09 1.5·10-09 
5 Both 0.6 0.1 9.8·10-08 1.6·10-08 4.1·10-09 7.4·10-10 
5 Cement 0.3 0.1 4.9·10-08 1.6·10-08 2.0·10-09 7.4·10-10 
5 Silica sol 1.4 0.1 2.3·10-08 1.6·10-08 9.5·10-09 7.4·10-10 
All Sum. both: 2.6 0.9 4.2·10-07 1.5·10-07 1.8·10-08 6.7·10-09 
 
Av. both: 0.5 0.2 8.4·10-08 2.9·10-08 3.5·10-09 1.3·10-09 
 
4.5. Volume grouted 
In appendix C, each column chart shows a comparison between the theoretical bore-
hole volume (74 l) and the volume of grout injected in each grout-hole; they also 
show their volume-difference. The results illustrate which grout-holes took and did 
not take grout during the injection process. Table 5 presents some features registered 
during grouting (e.g. grout-hole number, location, grout used, and fan number) in 
grout-holes where the volume difference is higher than 0. Results show that in Fan 3 
no grout-hole took more grout than the theoretical volume. The volume injected in 
each grout-hole was different and it goes up to 860 l, i.e. grout-hole 4 in Fan 5, see 
appendix C. 
 
Table 5. Grouted-holes description 
Fan Grout-holes that took grout Location 
Grout 
used 
1 1, 3, 28, 29, 30, 31, 32, 34, 35, 36, 37, 39, 40 Walls and floor Cement 
1 8, 11, 14, 16, 18, 19 Ceiling Silica sol 
2 2, 3, 4, 24, 25, 28, 30, 31, 32, 33, 35, 37, 38, 40 Walls and floor Cement 
2 5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22 Ceiling Silica sol 
3 2, 3, 24, 25, 27, 28, 30, 31, 32, 34, 35, 36, 37, 38, 39, 40 Walls and floor Cement 
3  Ceiling Silica sol 
4 1, 2, 3, 24, 25, 27, 30, 31, 32, 33, 34, 37, 38, 39, 40 Walls and floor Cement 
4 4, 6, 9, 10, 11, 12, 13, 14, 15, 16, 17, 20, 21, 23 Ceiling Silica sol 
5 3, 4, 37 Walls and floor Cement 
5 5, 6, 7, 8, 9, 11, 12, 13, 14, 15, 16, 17, 18, 20, 21, 23 Ceiling Silica sol 
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4.6. Connectivity radius 
Figure 12 shows the resultant variogram for a data set that includes coordinates and 
transmissivity (specific capacity) values from grout-holes in all five fans studied. It 
also shows a length or grout-hole range equal to 4 m and a nugget effect of 0.8. 
During the modelling logarithmic values of the transmissivities were used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Variogram model of the transmissivity values before grouting. Values are 
taken from all grout-holes in all five Fans. 
 
 
Figure 13 shows the modelled variogram of all control-holes from all five fans. This 
variogram gives a length or control-hole range equal to 0.3 m and a nugget effect of 
2.4. Logarithmic values of the transmissivities were used during modelling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Variogram model of the transmissivity values after grouting. Values are 
taken from all control-holes in all five fans. 
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4.7. Dimensionality 
In the Nygård tunnel the same grouting layout was used in all fans, see Figure 14. The 
grouted-holes were numbered starting at the bottom-left side of the tunnel and 
continued clockwise. The same figure, Figure 14, shows the separation line where the 
different agents were employed; the upper part (ceiling) was grouted with silica sol, 
the lower part (walls and floor) was grouted with cement. The suggested injection of 
grout was to go side by side, i.e. in the silica sol part was to start in grout-hole number 
5, continued with 25, then 6, 24, 7, 23, etc. This routine was not always followed 
though. 
 
Figure 14. Layout of the grout-holes position for all five Fans. The dotted line 
represents the separation of different agents used; upper part with silica sol, lower 
part with cement. 
 
An example of the results obtained from the pressure, volume and time recordings 
during grouting are given in Figure 15 and Figure 16. Figure 15 shows the flow and 
pressure trend over time for the grouted-hole 32 in Fan 1. Figure 16 presents the 
calculated accumulated volume over injected time. 
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Figure 15. Grout pressure and flow trend as function of grouting time for grout-hole 
32 in Fan 1. Note that the first minutes are used to fill the empty grout-hole. 
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Figure 16. Accumulated volume trend as function of time for grout-hole 32 in Fan 1. 
The first three minutes were used for filling the grout-hole (74 l). 
 
 
The dimension curve, which represents the injected volume as function of grouted 
time, is illustrated in Figure 17. Note that Figure 17 uses values once the grout-hole 
has been filled. The combination of values shows that: the resultant values of Q·t/V, 
i.e. equation 9, in the grout-hole 3 is approximately equal to 1, which is equal to a 3D-
flow system, see Table 1. It can be seen that the grouted-hole was filled during the 
first 4 min. In Appendix D, results from Fan 1 and Fan 5 are presented in the same 
format. A detailed process of diagnostic curves and their implication is described in 
Gustafson and Stille (2005). 
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Figure 17. Diagnostic curves for determination of flow dimensions. Grout volume as 
function of grout time in grout-hole 32 in Fan 1. Note that Q·t/V is in log scale. 
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Technical difficulties emerged during the data storage and only two fans succeeded on 
recovering data for a dimensionality analysis. The results come from Fan 1 and Fan 5, 
and they are shown in Figure 18; a complete set of results can be found in Appendix 
D. 
 
 
   (a)      (b) 
Figure 18. Dimensionality results layout, the number states the type of regime 1D-, 
2D- or 3D-flow. Grout-holes with injected volume less than the theoretical (74 l) have 
no dimension representation. (a) Fan 1; (b) Fan 5. 
 
4.8. Dripping 
Granberg and Knutsson (2007) made a complete study of the dripping characterisation 
in the Nygård tunnel. One part of the characterisation took place in the section that 
followed the proposed design. Figure 19 shows the number of dripping places located 
in the study area and the flow obtained. 
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Figure 19. Drip characterisation in the designed grouted section, (after Granberg and 
Knutsson, 2007). 
Silica sol 
Cement 
Silica sol 
Cement 
DISCUSSION 
23 
5. DISCUSSION 
5.1. Grouting design 
Results showed that a structured design and specific measurements during and after 
grouting gave useful information to be analysed; and what is more important the 
layout was followed successfully in field. An example of the designed grouting layout 
in field can be seen below. Figure 20 shows the grout-holes location in Fan 1 which 
are marked with numbers; it also shows the grouting rig used in this project i.e. the 
yellow truck standing just in front of the tunnel face. 
 
 
 
Figure 20. Grouting layout in field, Fan 1. The numbers represent the location of the 
grout-holes. 
5.2. Inflow and dimensionality 
Results from Table 3 show different ratio values which represent the reduction scale 
of the inflow after pre-grouting, i.e. a ratio 1 means no reduction of inflow while a 
higher value represents a higher reduction of the inflow. Using this idea it can be 
stated that fans 2, 3, and 5 achieved good sealing efficiency while fans 1 and 4 show 
no decrease in the inflow after pre-grouting. Fan 5, after grouting, shows inflows 
lower than the measurement limit. These results alone seem not to describe the real 
sealing efficiency of the grouting, and they need to be discussed further; specially be 
coupled with more parameters in order to give a valid justification. 
 
Further, these results can be seen in both, the silica sol and cement parts. One way to 
explain it is if we accept that there is no such thing as a completely waterproof tunnel, 
and whatever the target is it is uncertain that it can be achieved. Instead, another 
explanation can be given if the dimensionality of the flow system is introduced in the 
analysis. Figure 21 show the dimensionality results obtained plus the control-holes 
location in Fans 1 and 5. The flow systems calculated are noted as 1D, 2D or 3D next 
to the grouted-hole evaluated. Grouted-holes that did not take more than the 
theoretical volume have no representation as can be seen in the figure below. A not 
defined designation means the flow system is not distinct, e.g. Appendix D hole 14. 
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Figure 21. Dimensionality results layout and control-holes location. The dotted line 
represents the separation of the different agents used. (a) Fan 1; (b) Fan 5. 
 
Fan 1 shows that half of the control-holes are located next to grout-holes that have 1D 
flow system or not defined whereas Fan 5 shows that all control-holes are located next 
to grout-holes that have 2D- or 3D-flow system, see Figure 21. For 2D- and 3D-flow 
systems, the possibility of intersecting fractures is extremely high, unless their 
orientation is unfavourable. On the contrary, for 1D-flow systems the possibility to 
intersect all the pervious channels is very limited. This could be a better explanation 
why control-holes gave equal water leakage after than before grouting in Fan 1 where 
1D-flow systems were found. 
 
Considering this evidence, it could not be advisable to drill a second round of grout-
holes with the same method in the vicinity where such a system is found, i.e. 1D-flow; 
the chances to hit the channels are limited. Therefore measurements and data retrieval 
during and after pre-grouting are important in order to design a suitable post-grouting 
protocol and layout if needed. 
 
5.3. Transmissivity and dripping after pre-grouting 
For the 86 m grouted-section the total transmissivity obtained before grouting was 
about 4.2·10-7 m2/s, which is 3 times higher than the transmissivity obtained after 
grouting, i.e. 1.5·10-7 m2/s. Even though WPTs carried out on grout-holes are rough 
estimates of the rock mass transmissivity, the values obtained can be compared and 
give an assessment of the achieved sealing-effect. The transmissivity after grouting 
presented in Table 4 corresponds to a hydraulic conductivity of approximately 6.7·10-9 
m/s. A variogram analysis makes this value close to reality when considering the 
designed grouting-zone; the reasons are explained in chapter 5.5. 
 
The dripping characterisation in the pre-grouted section was not compared with the 
respective section in the service tunnel due to they did not present the same geological 
characteristics (Granberg and Knutsson, 2007). Examining the data it can be seen that 
(a) 
Less than the 
theoretical volume (b) 
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very few dripping points were spotted and the highest inflow found was 0.06 l/min in 
an 1 m2 area, see Figure 19. What can be done is a comparison of the inflow from the 
grout-holes before pre-grouting and the inflow from the dripping characterisation 
realized after pre-grouting (0.07 l/min). The median inflow before pre-grouting in Fan 
4 where the maximum dripping inflow is localised is 0.4 l/min, see Table 4. The 
comparison shows that the inflow was reduced around 7 times. Following the same 
procedure, the rest of the values show a reduction of 100 or 400 times of the inflow 
after pre-grouting. 
 
5.4. Volume 
It is clear from Table 5 that each grouted fan did not take the same injected volume, 
e.g. Fan 3 had no volume injected in the ceiling. Further, each grouted-hole took a 
different amount of grout-volume within each fan. Comparing the dimensionality 
results and the injected volumes, it can be stated that the grout volume is very much 
dependent of the flow system, and the hydraulic aperture. This will be discussed 
further in Chapter 5.6. 
 
The grouted-hole shown in Figure 22 gives an indication of a connected-hole, where 
the first 10 min illustrates a 1D-flow penetration, followed by a bore-hole filling 
during 5 min and then a fracture-flow penetration for 10 min. The total injected 
volume in this hole was 178 l, which is logic if two holes of 74 l each have to be 
filled, leaving 30 l of grouting material in the discontinuities. The hole 10 which was 
grouted afterward took 1 l of grout which means that in fact it was grouted by the 
grout-hole 11; corroborating that these two bore-holes were connected. Connected-
holes seem to appear more in the ceiling of the tunnel where silica sol was used, e.g. 
hole 11 Fan 1, grout-holes 15, 17 and 23 in Fan 5. This may be the result of the better 
penetration of the silica sol that fills a whole fracture plane, whereas cement 
penetrates channels. 
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Figure 22. Diagnostic curves, illustration of the injected volume as function of 
grouted time; Fan 1 grouted-hole 11. 
5.5. Connectivity radius 
Results of variogram-modelling gave a grout-hole specific capacity range of 4 m, 
which is a measure of how quickly the transmissivity changes on the average. This 
implies that the grout-hole separation given in the design, 2 m, is in the predictable 
range; and all measurement results found are similar within this range. The nugget 
effect, 0.8, in this model gives the random variation in which the data appears to have 
no spatial correlation, therefore knowing your data is essential to address any 
decision. 
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When control-holes are modelled, the range was 0.3 m with a large nugget effect i.e. 
2.4. Even though the change in characteristics around the hole will be quick, control-
holes are drilled to perceive if the penetration went according to the design; if not a 
larger grout-hole overlap should be used. Again, knowing the data is essential, which 
means that a dimensionality check should be conducted and if 1D-flow systems are 
found results could be local and not representative of the rock mass. 
 
5.6. Compilation 
It should be pointed that in order to make a grouting evaluation all parameters have to 
be taken into account. Figure 23 shows a comparison between calculated and 
measured grouted volumes with respect of the specific capacity obtained from WPTs. 
In addition, the flow system regime is also illustrated. From such a graph, it can be 
seen that most of the transmissivity values are in a range of 2·10-8 to 1·10-6 m2/s which 
gives a range of 30 to 100 m in hydraulic aperture for Fan 1. Figure 24 shows 
transmissivity values in a range of 1·10-8 to 1·10-5 m2/s which gives a range of 30 to 
110 m in hydraulic aperture for Fan 5. An example is shown below: a grouted-hole 
took 2 l of grout which corresponds to a specific capacity of 6·10-8 m2/s and a 
theoretical volume of 4 l from a fracture (assumed) with 40 m in hydraulic aperture. 
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Figure 23. Fan 1 crossplot of specific capacity during WPTs and grouted volume 
obtained during grouting the flow system is also illustrated. Both measured and 
calculated grouted volume are presented. Their hydraulic aperture is also plotted. 
 
Fractures with a hydraulic aperture range illustrated in Figure 24 can be grouted by 
silica sol (Chapter 2.2). From Appendix C most of the grouted-holes with injected 
volume are located in the ceiling of the tunnel. A possible reason is that not grouted-
holes have had small apertures (within a range of 30 to 100 m) and cement was not 
able to penetrate them. Another reason could be that 1D-flow systems are nearby. 
Large volumes are not considered in the analysis due to they could be the result of 
bore-hole connections or batch-volume run out, e.g. hole 11 Fan 1. 
DISCUSSION 
27 
Fan 5
1D2D
2D
2D22D
2D
2D
2D
3D
3
3D
3D
3D
3D
0,1
1
10
100
1000
10000
1,00E-08 1,00E-07 1,00E-06 1,00E-05 1,00E-04
Q/dh [m2/s]
Gr
o
u
t t
a
ke
 
[l]
0,1
1
10
100
1000
10000
H
yd
ra
u
lic
 
a
pe
rt
u
re
 
[
m
]
theoretical 2D Hydraulic aperture
 
Figure 24. Fan 5 crossplot of specific capacity during WPTs and grouted volume 
obtained during grouting, the flow system is also illustrated. Both measured and 
calculated grouted volumes are presented. Their hydraulic aperture is also plotted. 
 
 
Both Figure 23 and Figure 24 show a small relative spread when small volumes are 
considered; in some cases the grouted volume is higher than the theoretical volume 
expected. The reason for this spread in values, when small volumes are considered, 
could be explained by grout-hole interference. This means that while the first grouted-
hole shows real values the second grot-hole has less penetration volume due to the 
pre-defined overlapping and the real grouted volume will differ from the theoretical, 
see Figure 25. In addition, a planar fracture will be expected to be injected with less 
than the theoretical volume due to contact zones inside it that reduce its effective 
volume. 
 
Figure 25. Theoretical grouted-hole volume distribution. A1>A2>A3. 
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Appendix E also shows that no fracture zones were observed but fracture sets are 
crossing each other making evident the existence of connected grouted-holes. This is 
the case of large volume intake in some grouted-holes. Figure 26 shows the large 
amount of volume injected in the hole 11 (approximately 180 l), and the small amount 
of volume injected in hole 10 (approximately 1 l) due to connection between holes. 
This corroborates that there is always borehole interference when evaluating the 
grouted volume intake. When no connection between boreholes is established, a larger 
intake of grout could be caused probably by the rough aperture that gives a higher 
volume intake than the corresponding to the hydraulic aperture. 
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Figure 26. Column chart, from Fan 1, which compares the grout-hole volume and the 
volume of grout injected in each grout-hole; it also shows the difference. 
 
Figure 27 shows the location and extent of the drains placed in the whole grouted 
section. The area covers approximately 10% of 1290 m2 which implies that the 
dripping sources are few if compared with other sections of the tunnel. It can be seen 
that some areas did not required any drain at all. Appendix F shows the drain map for 
the complete grouted section and the different grouted fans location. 
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Figure 27. Drains location and extension in the whole grouted area. Dripping points 
are also shown plus their calculated inflow. 
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6. CONCLUSIONS 
 
The aim of this project was to implement a pre-grouting design that will reduce the 
water inflow into the tunnel from walls and bottom and minimize the water dripping 
from the ceiling of the tunnel. A structured grouting design and measurements were 
followed in order to characterise the rock mass, design the grouting procedure, design 
the grouting layout, and evaluate the results obtained; making data retrieval and 
continuous evaluation very important. In general, the inflow was reduced and dripping 
was minimized. It was also seen that a pre-grouting design could be followed in the 
field even if two different agents were used. Considering all this steps the following 
conclusions can be made: 
 
1. Whether the design approach is to reduce the water inflow, minimize dripping 
or waterproofing, preparation is essential. Control-holes are proven to be 
important for the evaluation. 
 
2. The total transmissivity obtained in the section grouted with this design is 
1.4·10-8 m2/s which is 10 times lower than the transmissivity before grouting. 
 
3. Results showed eight spotted dripping places in 86 m of tunnel, which present 
a reduction of the inflow of 10, 100 or 1000 times lower. This means that in 
this section of the tunnel, dripping was minimised but the tunnel is not totally 
waterproof. 
 
4. WPTs on grout-holes showed values with a correlation length of 4 m, which 
means that the grout-hole separation given in the design, 2 m, was in the 
predictable range. 
 
5. The volume taken by a grout-hole and intersecting fractures is very much 
dependent of the flow system and the penetration interference among grouted-
holes. 
 
6. Connected-holes can be detected in field and corroborated by data analysis. 
 
7. A generalization of the flow system can not be done, but it can be determined 
from pressure, volume and time recordings; depending of the grouting 
purposes, decisions have to be updated continuously. 
 
8. After this study. It is obvious that all these parameter are important before 
deciding if a second round of grouting is needed or profitable. 
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8. APPENDIX 
 
APPENDIX A: Grouting design for Nygård tunnel 
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APPENDIX B: Scatter chart, from every grouted fan, which compares the WPTs 
results obtained from grout-holes before grouting and control-holes after 
grouting. 
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Fan1, 1.6 MPa of total pressure and 0.5 MPa of water pressure. 
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Fan 1, 5 control-holes were drilled for the cement part 
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Fan 1, 6 control-holes were drilled for the silica sol part. 
APPENDIX B 
45 
Complete Fan 2 (cement & silica sol)
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Fan 2, 1.6 MPa of total pressure and 0.5 MPa of water pressure 
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Fan 2, 4 control-holes were drilled for the cement part 
 
Fan 2 (silica sol)
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
0,001 0,01 0,1 1 10 100 1000
WPTs at 1.6 Mpa [l/min]
P[
f<
fi]
Lognormal before grouting Flow  before grouting [l/min]
Flow  after grouting [l/min]
 
Fan 2, 6 control-holes were drilled for the silica sol part. 
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Complete Fan 3 (cement & silica sol)
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Fan 3, 1.6 MPa of total pressure and 0.5 MPa of water pressure 
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Fan 3, 5 control-holes were drilled for the cement part 
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Fan 3, 5 control-holes were drilled for the silica sol part. 
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Complete Fan 4 (cement & silica sol)
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Fan 4, 1.5 MPa of total pressure and 0.5 MPa of water pressure 
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Fan 4, 5 control-holes were drilled for the cement part 
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Fan 4, 6 control-holes were drilled for the silica sol part. 
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Complete Fan 5 (cement & silica sol)
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Fan 5, 1.8 MPa of total pressure and 0.5 MPa of water pressure 
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Fan 5, 5 control-holes were drilled for the cement part;  
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Fan 5, 5 control-holes were drilled for the silica sol part. 
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APPENDIX C: Column chart, from every grouted fan, which compares the 
grout-hole volume and the volume of grout injected in each grout-hole; it also 
shows the difference. 
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Complete Fan 3 (cement & silica sol)
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APPENDIX D: Grouted-holes charts showing the pressure and flow trend over 
time, accumulated volume trend over injected time and, diagnostic curves. 
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Fan 1, grouted-hole 8 
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Fan 1, grouted-hole 11 
 
 
 
 
 
 
 
 
 
 
 
Fan 1, grouted-hole 14 
 
 
 
 
 
 
 
 
 
 
 
 
Fan 1, grouted-hole 16 
 
 
 
 
 
 
 
 
 
 
 
 
Fan 1, grouted-hole 18 
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APPENDIX E: Fracture mapping of sections 436+723 to 436+637; this map has 
been drawn in situ by a geologist. The squares represent the respective area 
grouted/blasted fans. The overlap between fans is not specified. This first page is 
a key note to read the following pages. 
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APPENDIX F: Drain location in sections 436+723 to 436+637; this map has been 
drawn in situ by a geologist. The squares represent the respective drain location. 
A secondary square shows the respective grouted/blasted fan. 
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